While Cr(V) species and *OH radicals have been suggested to play significant roles in the mechanism of chromate-related carcinogenesis, controversy still exists regarding the identity of the Cr(V) species and their role in the generation of -OH radicals. Some recent studies have suggested that the primary Cr(V) species involved is the tetraperoxochromate(V) (CrO83) ion, which produces *OH radical either on decomposition or by reaction with H202. The present study utilized ESR and spin trapping techniques to probe this mechanism. The results obtained show that (i) CrO8 is not formed in any significant quantity in the reaction of chromate with biologically relevant reductants such as glutathione, glutathione reductase, NAD(P)H, ascorbate, vitamin B2, etc. (ii) Decomposition of CrO8 -, or its reaction with H202 does not generate any significant amount of 0H radicals. (iii) The major Cr(V) species formed are complexes of Cr(V) with reductant moieties as ligands. (iv) These Cr(V) complexes generate *OH radicals from H202 via Fenton-like reaction. The present study thus disagrees with the recently proposed "tetraperoxochromate(V) theory of carcinogenesis from chromate." Instead, it suggests an alternative mechanism, which might be labeled as "the Cr(V)-complexation-Fenton reaction model of carcinogenesis from chromate." -Environ Health Perspect 102(Suppl 3): 231-236 (1994).
Introduction
Chromate and Cr(VI)-containing compounds have been found to exert serious toxic and carcinogenic effects on humans and animals and to cause mutations in bacteria and transformation of mammalian cells (1) (2) (3) (4) (5) (6) (7) . Since it has been reported that such Cr(VI) compounds do not react with isolated DNA (8) , the reduction of Cr(VI) by cellular reductants has been thought to be an important step in the mechanism of Cr(VI)-induced DNA damage (6, 8) . Using ESR spectroscopy, Jennette has shown that a long-lived Cr(V) species is formed in the course of microsomal reduction of Cr(VI) in the presence of NADPH (9) . Since Cr(V) complexes are generally characterized as being labile and reactive, whereas Cr(III) complexes are substitutionally inert, the detection of Cr(V) formation led Jennette to suggest that the Cr(V) interme-diates are the likely candidates for the "ultimate" carcinogenic forms of chromium compounds (9) . While several earlier studies have shown that the Cr(VI)-induced DNA damage is strongly dependent on the Cr(V) intermediates (8, (10) (11) (12) (13) , recent studies have suggested that hydroxyl (-OH) radicals may also play an important role (10) (11) (12) (14) (15) (16) (17) (18) (19) (20) (21) . It has been reported, for example, that treatment of Chinese hamster V-79 cells with FAD and Cr(VI) resulted in an increase in Cr(VI)-induced DNA strand breaks over that observed upon treatment of cells with Cr(VI) alone (21) . This increase in DNA strand breakage was attributed to OH radical generation in the presence of FAD. In contrast, incubation of Chinese hamster V-79 cells with vitamin E, an OH radical scavenger, prior to treatment with Cr(VI) led to a decrease in Cr(VI)-induced DNA strand breaks (12, 16) .
As to the mechanism of Cr(VI) related 'OH radical generation, our studies (22) (23) (24) suggest that the reaction of a Cr(V) complex with hydrogen peroxide via a Fenton-like reaction is the important source of chromium-mediated -OH radical generation in biological systems (Equation [1] ).
Cr(V) + H202 -4Cr(VI) + OH + OH- [1] Cr(V) species has been reported to be generated in the reduction of Cr(VI) by various biological systems (6), in particular, microsomes (9, 25) , mitochondria (26) , superoxide radical (27) , certain flavoenzymes (28) (29) (30) , mitochondrial electron transfer chain complexes (31) , ascorbate (32, 33) , and thiol-and diol-containing molecules (6, 23, 34, 35) . In contrast to the mechanism outlined in Equation [1] , it has been frequently suggested (10, 11, 15, 18, 36) that Cr(VI) reacts with cellular H202 to form tetraperoxochromate(V) (CrO83) ions, which decompose to produce -OH radicals via Equation [2] , as given below:
Cr(VI) + H202 -CrO83--Cr(VI) + -OH [2] The Cr(VI)-mediated 'OH radical generation via the CrO8 3-intermediate was recently cited (37) as the basis of "the tetraperoxochromate(V) theory of carcinogenesis from chromate."
The first evidence for the role of CrO8 3-in the Cr(VI)-mediated -OH radical generation was reported by Kawanishi et al. (15) . They observed CrO8 3-formation by ESR from a mixture containing 40 mM Na2CrO4 and 400 mM H202 at pH 8.0. However, the concentrations used for both Cr(VI) and H202 were orders of magnitude higher than any in vivo estimate. Later Aiyar et al. (10) 
ESR Measurements
All ESR measurements were made using a Varian E3 ESR spectrometer and a flat cell assembly. Hyperfine couplings were measured (to 0.1 G) directly from magnetic field separations using K3CrO8 and DPPH as reference standards. Reactants were mixed in test tubes in a final volume of 250 pl. The reaction mixture was then transferred to a flat cell for ESR measurement. The concentrations given in the figure leg- splitting is considered to be characteristic of the superhyperfine interaction of the methylene-type of hydrogens in Cr(V)-diol complexes (23) . At higher spectral gain and wider scan width, we observed four weak satellite signals due to the 53Cr isotope (9.55% abundance, I = 3/2) (Figure 2e ).
The measured 17.7 G 53Cr hyperfine splitting (indicated in Figure 2e ) is very similar to those reported earlier (23) considered to be one of the major Cr(VI) reductants in cellular systems (18) . Figure  3a shows the ESR spectrum obtained from an aqueous solution of GSH and K2Cr207 in a 5:1 molecular ratio at pH = 4.0. This spectrum was recorded 2 min after solution preparation. The spectrum is dominated by signals at g = 1.995 (5.8 G peak-to-peak derivative width) and at g = 1.985. These two peaks have different decay rates and have been already assigned by earlier workers to two different Cr(V) species, coordination not defined (34, 35) . The spectra in Figures 3a-3g show the time dependence of the decay of the Cr(V) complexes. It may be noted that the g = 1.985 species decays at a slower rate than the g = 1.995 species; the g = 1.985 signal was still observable after at least 15 min of mixing. Variation of the solution pH within the range pH 3 to pH 8 yield spectra generally similar to those outlined above for pH 4.0, with an enhanced rate of decay occuring at higher pH values. This observation essentially rules out the identification of these species as CrO83-, because CrO 3-becomes more stable at the higher pH. Figure 4 shows the effect of changing the GSH:K2Cr207 ratio. A decrease in the GSH:K2Cr207 ratio decreases the g = 1.995 signal while increasing the g = 1.985 signal (Figures 4d-4f) . However, for a GSH:K2Cr207 ratio of less than one, not even the g = 1.995 signal was observed (Figure 4g ). We reiterate that the chemical structures of these Cr(V) species are not known at present but their dependence on the GSH:Cr(VI) ratio suggests that the g = 1.985 species might be a 1:1 and the g = 1.995 species a 2:1 GSH complex of Cr(V). The results show that the major species generated in the reaction of Cr(VI) Figure 5a . This spectrum can be detected even 10 minutes after solution preparation. In TrisHCl medium, however, CrO8 3-rapidly decayed and converted to another Cr(V) species at g = 1.9721 (Figure 5b ). This Cr(V) species is likely to be a Cr(V)-Tris-HCI complex, but the detailed structure
has not yet been elucidated. The (6, 32) . As shown in Figure 6a , a mixture of Cr(VI) and ascorbate in phosphate buffer (pH 7.2) generates an ESR signal at g = 1.9794, which can be assigned to a Cr(V)-ascorbate complex according to an earlier report (33) . No CrO 3-ESR signal was detected. When H202 and DMPO (as a spin trap) were added, a 1:2:2:1 quartet with hyperfine splittings of aN = aH = 14.9 G was observed (Figure 6b ). Based on these splittings (39), the 1:2:2:1 signal was assigned to the DMPO/'OH adduct, as evidence of -OH radical generation. Upon addition of H202, however, Cr(V) became nondetectable (Figure 6b ), indicating that -OH radicals were generated in the reaction between Cr(V) and H202 via a Fenton-like mechanism.
Does K3CrO8 Generate -OH Radical? Figures 7a and 7b present spin trapping studies of possible -OH generation from K3CrO8. Decomposition of CrO83-in phosphate buffer does not generate any detectable amount of -OH radicals 3Figure 7a). Addition of H202 to the CrO8 -solution did not cause any significant enhancement in OH generation, nor any significant decrease in the CrO83-peak (Figure 7b ). Figure 7c shows the Cr(V)-NADPH complex formation from a mixture of Cr(VI) and NADPH. Addition of H202 reduced the intensity of the Cr(V)-NADPH signal to a barely detectable level with a concomitant appearance of the DMPO/-OH spin adduct signal ( Figure  7d ), indicating that reaction of Cr(V)-NADPH with H202 does generate -OH radicals. Similarly, reaction of Cr(VI) and GSH generated Cr(V)-GSH complexes and the DMPO/GS-spin adduct ( Figure  7e ) (23) . Addition of H202 reduced the intensity of Cr(V)-GSH signals and generated DMPO/'CHOHCH3 spin adduct signal (as indicated by asterisks) (Figure 70 . Since the hyperfine splitting of DMPO/GS-and DMPO/-OH is very similar, ethanol was added for the identification of -OH radical. It is known that -OH radical efficiently reacts with ethanol to form 'OCHOHCH3 radical, which, in turn, is trapped by DMPO to produce DMPO/ICHOHCH3. These results show that -OH radicals were generated via reaction of the Cr(V)-GSH complex with H202, without any significant contribution from CrO8.
Earlier studies have shown that reaction of Cr(VI) with H202 at high concentrations generates -OH radical (15) . The present study confirms that while OH radicals can be generated in the reaction of Cr(VI) with H202, the yield is very low. As can be noted from Figure 8, (27) , and a number of thiol and diol-containing molecules (6, 23, 34, 35 (42) .
In conclusion, the present study demonstrates that the reduction of Cr(VI) by cellular reductants does not generate any significant amount of CrO8 3ions. ESR spin trapping studies using laboratory synthesized K3CrO8 showed that CrO8 3-decomposition by itself, or the reaction of CrO8 3-with H202 does not generate any significant amount of -OH radicals. Reactions of Cr(VI) with several major Cr(VI) reductants generate Cr(V) complexes, which produce OH radical via a Fenton-like mechanism. The present investigation does not support the "tetraperoxochromate(V) theory of carcinogenesis from chromate." Instead, we propose that the mechanism involves two species, Cr(V) complexes and -OH radicals generated via a Fenton-like mechanism. Hence, this mechanism might be labeled as "Cr(V)-complexation-Fenton reaction model of carcinogenesis from chromate."
